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[C5sH1>N1>SNnBrg: a lead-free phase transition
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Solid-state phase transition materials with tunable quadratic nonlinear optical (NLO) properties under
different states hold great potential applications in a wide range of fields. Despite great efforts, lead-free
organic—inorganic hybrid NLO switchable materials are still scarce. Here, we report a new lead-free
organic—inorganic hybrid compound (NMP),SnBrg (1, where NMP is N-methylpyrrolidinium) which
adopts the zero-dimensional perovskite-like motif. It demonstrates a structural phase transition at
T. = 352 K, as confirmed by differential scanning calorimetry and specific heat measurements. Single-
crystal structure analyses at different temperatures indicate the occurrence of symmetry breaking from
Pbam (at 360 K, > T.) to Pba2 (at 300 K, < T.), which can be attributed to the configuration changes
of organic N-methylpyrrolidinium cations. In particular, 1 shows remarkable NLO signal contrast up to
~25 and excellent switching stability after multiple heating—cooling cycles, suggesting its potential
application as a switchable NLO material. This work paves the way for exploring new organic—inorganic

rsc.li/frontiers-materials hybrid functional materials.

Introduction

Stimuli-responsive materials are those substances which can
respond to external stimuli, such as temperature, light, and
external magnetic and electric fields.’”” The physical properties
of these materials can be changed significantly between differ-
ent states. These switching properties have been applied in a
wide range of applications such as lasers, memorizers and
switches, thereby attracting great interest.>'' Among them,
switchable NLO properties have become an important research
topic in condensed matter science.'? Previous studies revealed
that the switchable NLO properties can be realized by various
strategies, in which one of the efficient ways is to introduce
flexible organic cations into inorganic frameworks.'> The
flexible organic counterparts in the organic-inorganic hybrid
system are favorable to molecular motions, including order-
disorder transformation, reorientational and rotational motion,
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which are tightly associated with the switchable NLO properties of
phase transition materials."*™*® For example, in (N-methylpyrroli-
dinium)PbBr;,"® phase transition can be mainly attributed to the
order-disorder transformation of flexible N-methylpyrrolidinium
cations. Other reported studies on bis(cyclohexylaminium)-
tetrabromo lead and [N-methylpiperidinium]Pbl; also show
order-disorder phase transition and corresponding excellent
tunable NLO properties, which benefit from the reorientation
of organic moieties and inorganic parts.”>*' These findings
disclose that phase transition compounds with tunable NLO
properties could be feasibly tailored through incorporation of
flexible organic molecules into the framework of hybrid
compounds.>*?*

Organic-inorganic hybrid compounds combine advantages
of both organic and inorganic components at the molecular
level.**?® Within this system, organic moieties endow struc-
tural diversity and dynamic characteristics, which are favorable
to the design of phase transition materials with tunable NLO
properties.”*>” As an important family of organic components,
annular organic cations play a key role in the design of phase
transition materials with tunable NLO properties.”®*® For
example, organic-inorganic hybrids of (CHA),PbBr, 4,14, (ben-
zylammonium),PbCl, and (pyrrolidinium)CdCl; show excellent
switchable NLO properties.’* > Despite great efforts, reports
on phase transition materials with tunable NLO properties
in the family of organic-inorganic hybrids are still scarce,
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and most of these organic-inorganic hybrid dielectric switch-
able compounds contain metal lead, which can cause damage
to the environment and limit their commercial applications.
Moreover, the majority of tunable NLO materials in the organic-
inorganic hybrid system are formed by order-disorder type phase
transformation. Therefore, it is highly desirable to explore new
phase transition materials with tunable NLO properties by virtue
of a complementary strategy.

Here, we report a new zero-dimensional lead-free hybrid
compound by incorporating organic N-methylpyrrolidinium
(NMP) with the Sn-Br inorganic framework, ([NMP],SnBrg, 1),
showing a reversible structural phase transition at 7; = 352 K
upon heating as confirmed by differential scanning calori-
metry. Emphatically, it shows a remarkable NLO signal contrast
up to ~25, suggesting its potential application as a switchable
NLO material. After multiple heating-cooling cycles, 1 still
shows great switchable NLO and dielectric stability. Such
switchable responses of 1 can be mainly attributed to the
configuration changes of organic cations. This work paves the
way for exploring new functional materials with NLO switching
properties.

Experimental section
Synthesis

All chemical ingredients are commercially purchased without
any purification. 10 mL HBr solution and 0.5 g SnO were put in
a 50 mL round-bottom beaker. After that, the mixture was
stirred for 1 hour to form a transparent solution. 0.5 mL
N-methylpyrrodine was then added into the beaker. Next, the
mixture was heated and stirred for 30 minutes to form a clear
solution. Crystals of 1 were obtained after two weeks by slowly
evaporating the solution at ambient temperature. The purity of
crystals was confirmed through powder X-ray diffraction ana-
lyses, and the measured data were in accordance with the
simulated patterns obtained from its single-crystal structure.

Thermal measurements

Pure crystals of 1 were chosen to carry out thermal measurements
using differential scanning calorimetry (DSC) (NETZCHSCH DSC
3500). Both the heating and cooling rates were fixed at 5 K per
minute in the temperature range between 315 K and 360 K. The
measurement was performed under atmospheric pressure with
nitrogen gas. Specific heat (Cp,) was measured upon a heating
mode based on the sapphire standard.

Single-crystal structure analyses

Single-crystal X-ray diffraction data of 1 at 300 K was obtained
using a Rigaku CCD diffractometer with Ga-Ko radiation of
wavelength 1.3405 A. A Bruker D8 diffractometer with Mo-Ko. of
wavelength 0.71073 A was used to obtain the structural data of
1 at 360 K. All the crystal structures were solved using the Olex2
software package using the intrinsic phasing method of the
ShelXT program. All atoms except H were refined using an
anisotropic method. All hydrogen atoms in the structures were
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geometrically generated using the software of Olex2. A detailed
description of crystal structures of 1 is presented in Table S1
(ESIt). And all crystallographic data were uploaded to The
Cambridge Crystallographic Data Center (CCDC) with numbers
2210039 and 2210040,} respectively.

Dielectric measurements

Silver was covered on the surface of single crystals of 1 to
fabricate electrodes. Dielectric experiments were then carried
out to measure the complex dielectric permittivity in the
temperature range of 330-370 K. The frequency was set at
1 MHz and the AC voltage was fixed at 1 V.

Second harmonic generation (SHG) signal measurements

Variable-temperature measurements of SHG signals were per-
formed using an Nd:YAG laser with incident wavelength of
1064 nm. Standard KH,PO, was used as a reference and treated
using the same procedure. The ground powder of 1 was
compressed to tablets for the SHG signal measurements.

Powder X-ray diffraction measurement (PXRD)

The powder X-ray diffraction pattern of 1 was recorded on a
Powder X-Ray Diffractometer (MiniFlex 600). The measurement
was performed in the 2-theta range between 5° to 40° at room
temperature.

Theoretical calculation analyses

Theoretical calculation analyses of single-crystal structure of
1 were performed using Cambridge Sequential Total Energy
Package (CASTEP) under the DFT method. The exchange-
correlation potential was calculated using Perdew-Burke-
Ernzerhof method for solid functions using the approximation
method of GGA. The norm-conserving pseudopotential was
used to characterize the interactions between ionic cores and
electrons. The energy cutoff for the plane-wave basis was fixed
at 500 eV.

Results and discussion
Phase transition properties

DSC and C, measurements were effective ways used to inves-
tigate the thermal properties of phase transition materials. The
structure phase transition of compounds was generally accom-
panied by thermal entropy changes, which can be confirmed
in the heating and cooling process of DSC measurements.
Here, the reversible endothermic and exothermic anomalies
appeared at 352 K upon heating mode and 333 K upon cooling,
which reveal the phase transition properties of 1 (Fig. 1a).
In the DSC curves, the large thermal hysteresis (19 K) and
sharp anomalies indicate its first order phase transition. The
peak-like anomaly in C,, also corresponds well with the results
of DSC (Fig. 1b). The enthalpy change (AH) and entropy change
(AS) in the heating mode can be calculated from the C,~T curve
as 890.7 ] mol " and 2.53 J mol~" K™, respectively. According
to the Boltzmann equation AS = RInN, in which N is the ratio of
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Fig. 1 (a) DSC curves under the heating and cooling modes and (b) ¢,
curve in the heating mode.

orientations between different phases and R is the molar gas
constant, N is calculated as 1.36, revealing the complexity of the
phase transition of 1, instead of simple order-disorder transi-
tion (calculation is provided in the ESIY).

Crystal structure analyses

X-ray single-crystal diffraction analyses were performed to
determine the microscopic mechanism of structural changes
of 1 at two different temperatures, i.e., low temperature phase
(LTP) at 300 K (below T.) and high temperature phase (HTP) at
360 K (above T.). The results reveal that 1 crystallizes in the
same orthorhombic system but different space groups in
different phases. In HTP, 1 crystallizes in a centric space group
of Pbam. The cell parameters at HTP are o = y = f = 90°,
a =13.9302 (10), b = 15.5956 (9), ¢ = 10.1118 (8), V = 2196.8 (3)
and Z = 4, as given in Table S1 (ESIT). The asymmetric unit of 1
consists of protonated NMP cations and anionic [SnBre]*~
octahedra in the HTP, as shown in Fig. 2a. Partial hydrogen
atoms of NMP anions are disordered with atoms located at two
possible equilibrium positions. The disorder characteristics
can also be revealed by the thermal ellipsoids of atoms of
NMP cation, in which the large thermal ellipsoids of C and
N atoms indicate the average effect of the disordered atoms

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 2 (a) Asymmetric unit and (b) packing view of 1 along a-axis at 360 K.
Dashed lines are used to link equivalent atoms generated by the symmetry
operation except cyan dashed lines used to represent hydrogen bonds.

(Fig. S3, ESI¥).** Intermolecular H-bonding distances between
protonated N atoms of NMP cations and Br atoms of [SnBrg] >~
anions are measured as 2.736 A and 2.900 A (Fig. S4, ESIt).
All components of 1 show symmetric configurations with
respect to their mirror planes due to highly crystallographic
symmetry (Fig. 2b). In both phases, no significant changes for
SnBrg octahedrons are observed, whereas the distorted configu-
ration of NMP cations can be observed in LTP. As the tempera-
ture decreased below T, crystal structure of 1 transforms into
the non-centrosymmetric phase with the space group of Pba2
and point group of C,,. The cell parameters for this acentric
structure are o =y = f§ = 90°, a = 15.5317 (4), b = 13.8674 (3),
¢ =10.0184, V = 2157.39 (10) and Z = 4 (Table S1, ESI{). The
changes in the cell volume and axes lengths suggest the
emergence of phase transition. Meanwhile, the distorted NMP
cations with N atoms moving toward the same direction of the
crystallographic c-axis results in the disappearance of c-mirror
plane and symmetry breaking. This structural transition means
that the number of symmetric elements of 1 is halved from
eight in the HTP to four in the LTP, as illustrated in Fig. 3.**
The asymmetric unit of 1 at LTP comprises two protonated
NMP cations and two half-{SnBrs] >~ anions, as shown in
Fig. 4a. Each Sn atom is coordinated with six Br atoms, forming
an octahedral geometry. The organic cations are linked with the
octahedral [SnBrg] >~ anions by N-H---Br hydrogen bonds
(Fig. S4, ESIT). The bond lengths of Sn-Br are in the range of
2.593 to 2.607 A, almost the same as those (2.5936 to 2.602 A) in
the HTP (Tables S2 and S3, ESIt). The angles of Br-Sn-Br are in
the range of 88.05° to 91.4°, exhibiting slight deviation from the
standard octahedral angle of 90°. In LTP, the hydrogen bond

Mater. Chem. Front., 2023, 7,1599-1606 | 1601
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Fig. 3 Transformation of spatial symmetry operations of 1 during the
phase transition.

Fig. 4 (a) Asymmetric unit and (b) packing view of the unit cell along the
b-axis at 300 K. Dashed lines were used to link equivalent atoms except
cyan dashed lines used to represent hydrogen bonds.

lengths of N-H.--Br are 2.642 A to 2.930 A. The difference
between the structure at HTP and LTP is that organic NMP
cations show distorted configurations and orient along the
crystallographic c-axis, which contribute to the acentric struc-
ture, as shown in Fig. 4b.>* The acentric structure was further
confirmed by the measurement of SHG signals (Fig. 6b).

The above studies reveal that between the HTP and LTP, no
significant change was discovered in the inorganic SnBrg
octahedra, whereas the N atoms of NMP cations show obvious

1602 | Mater. Chem. Front., 2023, 7,1599-1606
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displacements. In detail, the N atoms of NMP cations deviate
its c-mirror planes existing in HTP and reorientate toward the c-
axis direction in LTP, leading to the structure phase transition.

Band structure analyses

First principles DFT calculation was performed to analyze the
electronic properties of 1. As shown in Fig. 5a, the lowest point of
the conduction band and the highest point of the valence band are
located at different points (G and Z, respectively), revealing the
indirect bandgap characteristics of 1. Its bandgap is calculated as
2.76 eV, corresponding well with the experimental value (2.68 eV)
obtained from the UV-vis absorption spectrum as shown in Fig. S2
(ESIT). The calculated distribution of partial density of states
(PDOS) indicates the overlapped energy regions of Cagp, Nagp
and Hj, states are far away from the Fermi level due to strong
covalent interactions of C-H and N-H bonds (Fig. 5b). However,
the density states of Br,, and Snsp, are distributed near the Fermi
level, determining the minimum of the conduction band and the
maximum of the valence band. Those results denote that its band
gap mainly stems from the electron distribution of inorganic
components, resembling some previously reported materials such
as (PEA),PbI,.*® This is also revealed by the calculated charge-
density distribution of 1 as shown in Fig. S5 (ESIt).

Switchable dielectric and NLO properties

Generally, abrupt changes of physical properties of phase
transition materials can be observed in the vicinity of 7. due
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Fig. 5 (a) Calculated bandgap and (b) PDOS spectra of 1.
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to the structural changes. Here, variable-temperature dielectric
properties of 1 were measured along different axes using single
crystals. As shown in Fig. 6a, the real parts (¢') of dielectric
constants along three crystallographic axes keep virtually stable
below T., matching with the low-dielectric state of 1. With
temperature increasing to its T, obvious step-like changes in
dielectric constant emerge along different crystallographic
axes. Interesting, the ¢’ value measured along c-axis is the
highest in the high-dielectric state, in contrast with the lowest
¢’ value along its a-axis. The difference in dielectric changes
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probably ascribes to the configuration changes of NMP cations,
that is, the disappearance of the c-mirror and related symmetry
breaking along the crystallographic c¢-direction (Fig. 6c). This
dielectric transformation between different states resembles
that of some switchable NLO materials, such as (hexamethyle-
neimine),BiBrs and (C3HgN,),SbBrs.*”*® With the increasing
temperature, 1 shows a dramatic variation of quadratic SHG
signals, indicating the structural change of 1 from a non-
centrosymmetric state (SHG-on) to a centrosymmetric one
(SHG-off), as shown in Fig. 6b. The remarkable NLO signal
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Fig. 6 (a) Variable-temperature dielectric constants of three crystallographic axes and (b) SHG signals. Inset: Oscilloscope traces of SHG signals of 1
compared with the reference KDP. (c) Schematic diagram of the appearance of symmetry breaking (e) switchable dielectric and (f) SHG properties after

multiple heating—cooling cycles.
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contrast of ~25 can be calculated between its SHG-on and
SHG-off states, suggesting its potential applications in a
switchable NLO field.>® The contrast figure of ~25 is much
higher than that of most NLO switching materials (liquids and
solids), and is comparable with (Hdabco")(CF;COO~) and
NH,[(CH;),N]SO,-H,0.*>*" Stability is an important factor for
evaluating the potentials of functional materials. Therefore, the
reversible properties of 1 were measured using crystal samples
of 1. As shown in Fig. 6e, the dielectric responses can recover
after at least 7 heating-cooling cycles without any attenuation.
This reveals its great stability after repeating structure trans-
formation. Furthermore, variable-temperature SHG measurements
were carried out to confirm the switchable SHG responses.
Similarly, the SHG signal responses show great anti-fatigue
merit between its SHG-on and SHG-off states after multiple
heating-cooling runs (Fig. 6f). Our further measurements
reveal its SHG signals still retain rapid responses without any
obvious suppression, even under long-time irradiation. These
results suggest the great stability of 1, which affords its great
potential applications as a NLO switching material.

Conclusions

In summary, we have successfully explored a new lead-free organic-
inorganic hybrid compound [NMP],SnBrg. It demonstrates a struc-
tural phase transition along with the occurrence of symmetry
breaking from Pbam to Pba2. The mechanism is ascribed to the
symmetry configuration changes of organic cations, which differs
from the majority of known NLO-switching systems. In particular,
it shows distinct switchable NLO properties with a remarkable NLO
signal contrast of up to ~25. The contrast is larger than those of
many other NLO switching materials. It also exhibits great dielectric
and NLO stability after multiple cycles. These properties suggest its
great potential application as a switchable NLO material. This
work paves the way for exploring new organic-inorganic hybrid
functional materials.
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